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A Dual-Beam Switchable Self-Oscillating Ku-Band Active Array
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Abstract—This paper proposes a dual-beam switchable self-oscillating active integrated array antenna
for Ku-band wireless power transfer systems. The oscillation is sourced by a positive feedback type
Push-Push oscillator, which shows an excellent measured output power of +9.3dBm obtained at the
second harmonic frequency as well as good suppression of the undesired harmonics. The generated
RF power from the oscillator excites four patch antenna elements. Moreover, a PSK modulator is
adopted for binary phase switching between 0° and 180°. Using in/anti-phase RF signal combination
of the antenna elements, it is possible to switch between two beams, sum and difference radiation
patterns. The proposed structure is fabricated and tested; the measured results verify the dual-beam
switching concept with an effective isotropic radiated power (EIRP) of +17.77 dBm, DC-to-RF efficiency
of 0.43%, and an oscillator figure of merit (FOM) of —158.05dBc¢/Hz at the second harmonic frequency
of 14.7 GHz.

1. INTRODUCTION

Active integrated antennas (AIAs) have prominent features that make them attractive in millimeter-
wave systems featuring low transmission-line loss, compactness, and low cost [1,2]. Microstrip antennas
integrated with an oscillator or directly connected with active devices form an active oscillating type
ATA. In an oscillating type microwave and millimeter-wave AIA, high performance, low phase noise,
and low-cost sources are essential. However, highly stable high-frequency sources with good output
power are a challenging task. In general, two and three-terminal devices, mainly Gunn diodes [3-7]
and FETs [8,9,11-18] are used as an active device. But at high frequency, power handling capability
of those devices decreases. Push-Push oscillators are considered as one of the effective techniques to
extend the frequency range of the active devices [19].

Several ATAs have already been reported in [8-18]. In [18], a Push-Push oscillator, PSK modulator,
and ring-slot array antenna have been studied separately to propose a concept of self-oscillating active
integrated array antenna (ATAA) for transmitter module. Nowadays, integration approach becomes
matured, and therefore, many reconfigurable AIAAs including polarization [3-6], frequency [17], and
pattern [8-10] functions have been reported in the literature. Besides, beam switchable ATAAs [7,12-14]
have also been studied as they have multi-directive beams to resolve multi-path and interference effects
by redirecting their radiation patterns [20].

In this study, we proposes a 2 x 2 array antenna integrated with a positive feedback type Push-Push
oscillator and PSK modulator to attain self-oscillating capability and dual-beam switching functionality
for Ku-band applications following our previous paper [16]. This ATA can be used in Radio Frequency
Identification (RFID) systems, wireless power transfer (WPT) systems, indoor wireless positioning
systems, and Doppler transceivers.
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Figure 1. Block diagram of the proposed dual- Figure 2. Circuit layout of the proposed dual-
beam switchable ATAA. beam switchable self-oscillating ATAA.

2. DESIGN OF BEAM SWITCHABLE ATAA

2.1. ATAA Configuration

Figure 1 shows the block diagram of the proposed dual-beam switchable AIAA’s concept. The proposed
beam switchable antenna consists of two sets of antennas, an oscillator, a bandstop filter, a power divider,
and a PSK modulator. The oscillator generates radio frequency (RF) signal that passes through the
bandstop filter. A T-type power divider circuit is attached to the proposed antenna to split the generated
RF power to feed the two sets of the antenna elements. The PSK modulator is used to alter the input
signal’s phase fed to either one of the two sets of the antenna elements. Therefore, the antenna elements
are excited with either in- or anti-phase signal. Thus, the power combination of the electric fields from
the antenna elements generate either sum or difference radiation pattern. In the proposed antenna,
the PSK modulator controls the radiation pattern. The principle of this dual-beam switching can be
explained by using the array factor. For NV elements of uniformly spaced linear arrays, the array factor
can be expressed as follows [23]:

Ar0 A sin [N (”Ad sin — Afﬂ "

. [ (md . Ap\ |
N sin [()\ sin 6 — 2)}

where 0, Ay, and d are the beam angle, phase shift between the elements, and patch spacing,
respectively. If the phase difference Ap is 0°, Eq. (1) provides the sum pattern. In contrast, the
difference pattern can be found for 180° phase shift between the elements. The peak can be determined
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by the equation below,

(A
0 = £sin <2d>' (2)
when each antenna element is isotropic.

Figure 2 illustrates the schematic layout of the proposed dual-beam switchable ATAA. Four antennas
are equally spaced to achieve a high gain. The antenna elements #1, #2 and #3, #4 form two sets of
antennas. The phases of the antenna elements #3 and #4 can be altered through the PSK modulator,
whereas the phases of the antenna elements #1 and #2 are constant. The PSK modulator has two PIN
diodes, D1 and D2 to control the phase switching of the fed signal. To achieve symmetrical configuration,
a microstrip-slot (MSL-SL) transition is designed like the PSK modulator geometry. The generated RF
power of the positive feedback type Push-Push oscillator is fed to the antenna elements through the
feeding circuit including a bandstop filter.

2.2. Push-Push Oscillator

Figure 3 shows the block diagram of the positive feedback type Push-Push oscillator. It consists of two
identical feedback loops. The oscillation frequency is determined by the electrical length of the feedback
loops. Due to the magic-T, only the fundamental and odd harmonic signals go back to the loops, and
even harmonics emerge at the output port.
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Figure 3. Block diagram of the positive feedback Figure 4. Structure of the positive feedback type
type Push-Push oscillator used in the proposed  pyush-Push oscillator.

ATAA.

Figure 4 shows the circuit structure of the positive feedback type Push-Push oscillator [21] used
in the proposed AIAA. The Push-Push oscillator consists of two amplifiers using HEMTs as an active
device and a common biasing circuit. Here, the yellowish and green lines represent the microstrip and
slot line, respectively. The slot line is very important for the operation of this Push-Push oscillator. It
acts as a common feedback loop. Moreover, it also creates a slot-microstrip power divider and magic-T
referring to point A and B, respectively.

Figure 5 explains the operational mechanism of points A and B of Fig. 4. Fig. 5(a) illustrates the
slot-microstrip power divider of point A. The input signal from the slot line is equally divided but into
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Figure 5. Operational mechanism of point A and B of Fig. 4. (a) Slot-microstrip power divider, point
A. (b) Magic-T, point B.

anti-phase due to the balanced mode of the slot line at the slot-microstrip power divider. Thus 180°
phase difference is realized between the two loops at the fundamental frequency. The oscillation signals
of the feedback loops in the Push-Push oscillator, Vo1 and Vogeo, can be written as

Vosel = Zanejmmt (3)
Vosca = Zanejn(w0t+7r)- (4)

Here, a,,, wy, and n represent the amplitude, angular frequency of the fundamental signal, and harmonic
index, respectively.

Figure 5(b) shows point B of Fig. 4, which is a planar magic-T. Here, the red and blue arrowhead
lines pertain to the anti-phase and in-phase signals, respectively. When two anti-phase signals are fed
from ports P1 and P3, they are combined and feed back to point A through port P2 of the magic-T. On
the other hand, the even harmonics are combined and emerge at the output port P4. Thus, the output
signal of the Push-Push oscillator is expressed as follows:

Vout = Vosel + Vosea = 2a267208 4 2g,4e74%0t 4 9467608 4 (5)

Figure 6 shows the simulated output power of the proposed Push-Push oscillator. The oscillator
is designed for the fundamental frequency of 8 GHz. Better than 4+7.7dBm output power is shown at
the second harmonic frequency following the Eq. (5), and thus, it confirms the Push-Push operational
theory.
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Figure 6. Simulated output power of the Push-Push oscillator.
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Figure 7. Fabricated prototype and measured result of the Push-Push oscillator. (a) Photograph of
the prototype Ku-band oscillator (50 mm x 45 mm). (b) Measured output power at 5-V, 230-mA bias
condition.

Figure 7(a) shows a photograph of the fabricated Ku-band positive feedback type Push-Push
oscillator, and the size of the oscillator is 50 mm x 45mm. The utilized HEMT transistors in this
design are ATF34143 manufactured by Avago. Fig. 7(b) shows the measured output power using a
spectrum analyzer Agilent E4407B. An excellent output power of +9.3dBm is obtained at the second
harmonic frequency of 14.71 GHz. Moreover, the result shows a good 27-dB suppression of the unwanted
fundamental frequency signal.

2.3. PSK Modulator

Figure 8 shows the configuration of the PSK modulator, which consists of a microstrip line, slot line,
and two PIN diodes mounted on a half-wavelength slot ring [18]. The half-wavelength slot ring creates
two equal quarter-wavelength paths, upper and lower, for the input signal to reach the output port.
Two PIN diodes D1 and D2 are mounted on the slot ring in anti-parallel arrangement to control the two
paths. The diodes D1 and D2 can be controlled using the bias polarity applied to the inner conductor
of the slot ring. When the diode D1 is ON (short), the quarter-wavelength upper slot line and quarter-
wavelength extended microstrip line create a low-loss microstrip-to-slot transition, and the input signal
propagates through the lower half of the slot ring. In contrast, the signal propagates through the upper
half if the diode D2 is ON (short). Thus, the phase of the signal can be altered between 0° and 180°
based on the diode’s bias condition.

Figure 9 shows the simulated phase of Ss; of the PSK modulator. At 14.71 GHz, the simulated
phase difference is found with 180° between the two conditions, diode D1 and D2 ON. Thus, the
simulated results confirm the phase switching operation of the proposed PSK modulator.
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Figure 8. Structure of the PSK modulator. Figure 9. Simulated phase of So; of the PSK

modulator.
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2.4. Bandstop Filter

Figure 10 shows the bandstop filter used in this study, which is based on two quarter-wavelength
(A/4) open stub resonators. The purpose of this bandstop filter is to improve the elimination of the
fundamental frequency (fp) signal of the Push-Push oscillator. The two open stub resonators resonate
at two different frequencies centering at fy to produce a high and wider stopband. These stubs are
separated by an arbitrary microstrip line, A. The length of A defines the passband. The mathematical
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model of this bandstop filter is briefly explained in [22].
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Figure 10. Equivalent circuit of the bandstop filter used in the proposed AIAA.
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Figure 11. Simulated and measured results of the bandstop filter. (a) Stop-band. (b) Pass-band.

Figure 11 presents the simulated and measured stop- and pass-bands of the bandstop filter. More
than 25-dB signal rejection is achieved at 7.35 GHz (fp) in the measurement. The return loss (S11, S22)
is better than 19dB, and the insertion loss (So1) is just 0.62dB at 14.7 GHz (2f,) as shown in Fig. 11.

The measured results roughly agree well with the simulated ones.
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2.5. Operating Principle of Proposed Antenna

Figure 12 shows the operational mechanism of the proposed AIAA. The RF power from the Push-Push
oscillator excites the antenna elements #1, #2 and #3, #4 through the MSL-SL transition and PSK
modulator, respectively. As the PSK modulator can switch the phase of the fed signal of the antenna
elements #3 and #4, the antenna can produce dual beams. As shown in Fig. 12, the sum radiation
pattern is generated when diode D1 is ON. In contrast, the antenna exhibits difference radiation pattern
for the ON condition of diode D2 in the ¢ = 0° plane.

Diode D1 ON Diode D2 ON

?

T
ﬁ?ﬁ pmen | pEs
t Ly

Figure 12. Phase relations on the antenna elements.

2.6. ATAA Design

Figure 13 shows photographs of the Ku-band prototype antenna with top and bottom views. The
antenna is designed using Momentum of Keysight Technologies’ Advanced Design System (ADS). The
proposed ATAA is fabricated on a polytetrafluoroethylene (PTFE) substrate with a dielectric constant of
2.15 and thickness of 0.8 mm. Antenna elements and HEMTs are mounted on the top side, whereas the
PSK modulator is placed on the backside of the substrate. The size of the prototype is 40 mm x 70 mm.
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Figure 13. Fabricated prototype of the proposed  Figure 14. Measurement setup to investigate the
Ku-band beam switchable AIAA (40mm X  proposed ATAA.

70mm). (a) Top view. (b) Bottom view.

3. MEASURED RESULTS

3.1. Measurement Setup

Figure 14 shows the measurement setup used for this study. A spectrum analyzer (Agilent E4407B)
and double ridged waveguide horn antenna (TR17206, Model no. 3115 by EMC Test Systems) are used
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for this setup. The radiated radio waves from the proposed AIAA were measured across the receiving
horn antenna (G, = 13.2dBi) using the spectrum analyzer. To compensate the loss of a long cable
(L = 6.6dB) as well as to increase the received power sensitivity, a pre-amplifier (Hewlett Packard
8449B) of G, = 30dB was used. The distance between the proposed ATAA and the horn antenna is

kept at 1.3m (R > %, where D denotes the dimension of the antenna) to ensure the far-field region.

3.2. Radiated Power, Stability, and FOM

Figure 15 highlights the received power and stability of the proposed ATAA for ideal short conditions
instead of the diode D1 (accounts for sum pattern) to illuminate the ideal performance in the
measurement. The free-running oscillation frequency was 14.7 GHz, close to the standalone Push-
Push oscillator prototype. The suppression of the fundamental frequency signal is around 29.5dB. As
shown in Fig. 15(a), the maximum received power (P,) was —2.5dBm obtained at 4.1-V, 280-mA bias
condition where cable loss and preamplifier gain are included. The effective isotropic radiated power
(EIRP) is evaluated using Friis equation:

EIRP [dBm] =P, + G, = P, — G, + L — G, + 201log, <47;R) . (6)
The EIRP of the proposed ATAA becomes +18.97dBm using Eq. (6). To find out the transmitted
power (P;), gain (Gy) of the passive antenna is required. Since the passive antenna gain (Gy) is 10.9 dBi
in simulation, the radiated power (P;) in the measurement is calculated as +8.07 dBm, which agrees
well with the standalone oscillator prototype. By dividing the transmitted power (P;) to the input DC
power yields a DC-to-RF conversion efficiency of around 0.56%. The conversion efficiency is low because
the proposed AIAA employs a second-harmonic oscillator based on the Push-Push principle.
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Figure 15. Measured performance of the developed ATAA prototype. (a) Received power for ideal
condition at 4.1-V, 280-mA bias condition including cable loss and preamplifier gain. (b) Stability plot
(Span = 10 MHz, RBW = 10kHz, and VBW = 10kHz).

Figure 15(b) shows the frequency stability plot of the proposed AIAA. As the proposed ATAA
is integrated with a free-running oscillator, oscillation frequency shifting occurs with time. Thus,
frequency stability is an important objective for the oscillating type AIAA. Fig. 15(b) indicates 800 kHz
of frequency shifting over 120-seconds span of time.

The phase noise was found to be —105.3dBc/Hz at 1-MHz offset from the oscillation frequency.
The performance of the oscillator can be measured using a common figure of merit (FOM), which can
be calculated by

Jo Ppc
Using Eq. (7), the FOM of the Push-Push oscillator of this proposed ATAA at 1-MHz offset frequency is

—158.05dBc/Hz, where L(Af) is the phase noise, fy the oscillation frequency, and Ppc the DC power
consumption.
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3.3. Received Power Using PIN Diodes

Figure 16 shows the maximum received output powers for diode D1 and D2 ON conditions. Two PIN
diodes (DSG9500-000 by Skyworks) are used for the PSK modulator. To turn on diodes D1 and D2,
positive (+0.9V, 10mA) and negative (—1.0V, 10mA) switching voltages were applied to the inner
conductor of the slot ring of the PSK modulator. From Fig. 16(a), we can note that around 1.2-dB
lower output power is observed compared to Fig. 15(a) and can be referred to as diode loss. The
unwanted fundamental frequency signal (fy) at 7.35 GHz is 21.7 dB lower than the oscillation frequency
(2fo) at 14.7 GHz. By using Eq. (6), the EIRP and transmitted power of the sum pattern become
4+17.8dBm and +6.87 dBm, respectively.

In the case of diode D2 ON condition, the maximum received power is obtained around —5.1 dBm at
0 = —30°. Considering 9.4 dBi simulated antenna gain, the EIRP and transmitted power are calculated
as +16.37dBm and +6.97 dBm, respectively. In this case, the fundamental signal suppression is 17.1 dB.
Although a significant decrease of unwanted signal suppression is detected compared to Fig. 15(a), no
significant spurs or frequency jumping were observed during the measurement. The difference between
Figs. 16(a) and (b) is due to the gain difference between the sum and difference radiation patterns. The
measured phase noise was the same as the above mentioned phase noise for both of these conditions.
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Figure 16. Measured received power with PIN diodes. (a) Diode D1: ON. (b) Diode D2: ON.

3.4. Radiation Pattern Measurements

Figure 17 shows the switching of the radiation patterns of the proposed AIAA in the ¢ = 0° plane. The
received power at the spectrum analyzer was recorded by rotating the proposed AIAA from —180° to
+180°. The received power is then normalized to its maximum value to find out a rational relationship
with the simulated results. Here, the red and black lines represent the co- and cross-polarizations,
respectively. The measured radiation patterns of the proposed AIAA and a separately designed passive
antenna are compared with the simulated passive antenna’s radiation pattern. The antenna exhibits a
sum radiation pattern as shown in Fig. 17(a), when diode D1 is ON. In contrast, Fig. 17(b) shows
the difference radiation pattern for diode D2 in ON condition. Thus, the concept for the beam
switching between the sum and difference radiation patterns is found feasible in both simulation and
measurements. As shown in Figs. 17(a) and (b), the measured cross-polarization levels of the AIAA were
around 16 dB and 12 dB lower than the maximum co-polarization patterns for the ATAA and 17.1 dB and
17.9dB for the passive antenna, respectively. The correlation between the measurement and simulation
is noteworthy because they follow a similar trend. In the measurement, the radiation patterns of the
proposed ATAA are found similar to the passive antenna’s radiation patterns after covering the Push-
Push oscillator by wave absorber. Thus, the discrepancy between the measured AIAA and the passive
antenna can be attributed to the radiation from the oscillator.

3.5. Results Summery and Performance Comparison

Table 1 shows the performance summary of the proposed ATAA. The beam state can be switched by the
diode conditions of D1 and D2. Almost equal transmitted power with around 0.42% DC-to-RF efficiency
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Figure 17. Measured and simulated radiation patterns. (a) Diode D1: ON. (b) Diode D2: ON.

at the same oscillation frequency is observed for both the states. The EIRP difference between the beam
states is due to the gain difference at § = 0° and —30°.

Table 2 shows the performance comparison with those in literature. In most of the cases, direct
integration of active devices with the radiator has been applied with various techniques to switch/steer

Table 1. Performance summary of the prototype AIAA.

Diode condition Beam state Measured EIRP Transmitted DC-to-RF
D1 D2 freq. [GHz] [dBm)] power (P;) [dBm] efficiency [%]
ON OFF Sum 14.7 +17.77 +6.87 0.424

OFF ON Difference 14.7 +16.37 +6.97 0.434

Table 2. Performance comparisons between the published beam steering/switchable self-oscillating

AlAs.
Ref Freq. | Reconfigurable Technique Active | No. of active| FOM EIRP
- | [GHZ] type d device elements | [dBc/Hz] [dBm)]
7] | 9.54 | Switching RI signal Grunn 1 NAT +15.98
combination diode
PIN diod
8] | 46 Steering 09 IFRT 1 —162.6* | +5.4 to +9.3

with radiators
Switched-line

i FET 1 —161.1* 14 12.
[9] 5 Steering phase shifter HJ 6 +9.14 to +12.96

Mode Gunn and

12] | 12.4 itchi 2 NAT 14
[12] 5| Switching switching | MESFET +
TEp—
[13] | 6.2 | Switching njection |y rpepRT 4 NAf +30
locking
[14] | 5.2 | Switching RE signal 1 pyppp 1 —167.2* +14.87
combination
This |47 | Switching | °F s&mal | ypyimp 2 ~158.05|  +17.77
Work combination

* Calculated from given value, T NA: Not reported in literature.
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the beam of the self-oscillating type AIAA. Integrating with the Push-Push oscillator, this study
shows an extension of frequency range of the active devices. Overall, very good EIRP and switching
performances have been obtained form the proposed prototype AIAA.

4. CONCLUSION

A dual-beam switchable self-oscillating ATAA has been proposed for Ku-band wireless power transfer
systems. The proposed AIAA can also be used for wireless communications by incorporating a
modulation mechanism like PSK, FSK, and ASK. The concept is experimentally examined using a
prototype antenna. The demonstration of the beam switching and the extension of the frequency range
were successfully confirmed. This design layout can be easily extended to achieve dual-axis dual-beam
switchable ATAAs by inclining the antenna elements to +45°.
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